This study examined the effect of surgeons' volume on outcomes in lung surgery: lobectomies and wedge resections. Additionally, the effect of video-assisted thoracoscopic surgery (VATS) on cost, utilization, and adverse events was analyzed. The Premier Hospital Database was the data source for this analysis. Eligible patients were those of any age undergoing lobectomy or wedge resection using VATS for cancer treatment. Volume was represented by the aggregate experience level of the surgeon in a six-month window before each surgery. A positive volume-outcome relationship was found with some notable features. The relationship is stronger for cost and utilization outcomes than for adverse events; for thoracic surgeons as opposed to other surgeons; for VATS lobectomies rather than VATS wedge resections. While there was a reduction in cost and resource utilization with greater experience in VATS, these outcomes were not associated with greater experience in open procedures.
Introduction
Lobectomies and wedge resections of the lung are performed using either open thoracotomy or minimally invasive techniques, particularly, video-assisted thoracoscopic surgery (VATS). The literature documents many purported benefits of VATS for major lung surgeries, such as smaller incisions, less pain, less blood loss, less respiratory compromise, faster recovery times translating into shortened hospital lengths of stay, and superior survival rates [1] . However, compared to open procedures, VATS has higher equipment costs, increased operating room times, and a learning curve for both surgeons and operating room personnel [2] .
During the past three decades, a large body of empirical literature has established a positive relationship between provider volume and patient health outcomes across various medical and surgical procedures [3] [4] [5] [6] [7] [8] [9] [10] , with little attention paid to thoracic surgery. This is important, as the magnitude of the volume outcome effect was found to vary across health conditions and surgery procedures [8] . The reason that greater volume is associated with better throughput, clinical outcomes, and control over resources, is not well understood. This relationship may be the result of surgeons' "learning-by-doing" and/or the result of "selective referrals", where physicians with better outcomes command a higher demand for their services [3] .
To date, most of the work on volume outcome relations was conducted at the hospital level, as opposed to the surgeon level. In the case of lung surgery, patients who received open lobectomy and other resections at highvolume hospitals were less likely to experience postoperative complications and enjoyed better long-term and shortterm survival rates [11] [12] [13] . A similar relationship between hospital volume and patient outcomes has been observed across patients receiving minimally invasive procedures; for example, minimally invasive endovascular interventions for patients with abdominal aortic aneurysms [14] [15] [16] .
Recently, there is some evidence that the associations between hospital volume and operative mortality are mediated by surgeon volume [14, 17] . The volume of the surgeon was found to have a greater influence on patient outcomes than hospital volume [18] . This should come as no surprise, as hospital volume is the aggregate of all participating surgeons' volumes. Surgeons make preoperative and intraoperative decisions, affect case selection, and determine the appropriate surgical technique to be used. Studies of the relationship between surgeon volume and outcomes for cancer patients are mixed. A majority of cancer studies find that high-volume surgeons have a lower rate of operative mortality, with the strength of the relationship varying by condition and procedure [14, 19] . Conclusions may be obscured by heterogenous definitions of high-volume across studies and procedures [18] .
Few studies have examined the relationship between surgeon volume and operative mortality for lobectomies and wedge resections [18, 20, 21] . In one such study, high volume surgeons were found to have less locoregional recurrence of cancer, but no differences were observed for mortality [20] . While thoracic surgeons were more likely to perform lobectomies and wedge resections using VATS, adjusting for surgeon and hospital volume, lung cancer patients treated by general thoracic surgeons had a lower probability of death than those treated by cardiothoracic surgeons or general surgeons [21] . A number of case studies based on either a single center or a single surgeon found greater experience with VATS to improve such patient outcomes as blood loss, recurrence, operation time, surgeon-related thoracotomy conversions, and readmissions [22] [23] [24] .
Understanding volume-outcome relationships is of considerable practical importance because it quantifies the effects of experience on clinical outcomes. However, experience must be relevant to performance. Even though surgeons often use different techniques (e.g., open procedure versus VATS), studies have not accounted for technique-specific experience in calculating volume. To our knowledge, this is the first study to accumulate experience with VATS separately from experience with open procedure, as the two techniques command different surgical skills. Information regarding skill development through practice is an important factor that may affect patient decisions of where to seek treatment and provider decisions about where to refer their patients. Furthermore, transitioning from open to VATS procedures is not trivial, hence it is important to study the degree of transferability of experience across the two procedures [25] .
Volume-outcome studies of cancer patients have reported mortality, inpatient length-of-stay, readmissions, and several specific clinical indicators, such as blood loss and perioperative complications [26, 27] . However, greater experience can manifest itself in additional ways. Recent studies documented variations among physicians in their ability to shorten the length-of-stay for their patients, reduce resource utilization, improve quality, and reduce the likelihood of hospital-borne infections.
This current work aims to quantify the impact of a surgeon's volume on outcomes in lung surgery, adjusted for other potential explanatory variables. We studied performance on lobectomies and wedge resections separately and accounted for the experience of surgeons as represented by six-month case volumes using both VATS and open techniques. Also, we analyzed the effect of this techniquespecific experience on inpatient costs, length of surgery, length of stay, as well as the likelihood and number of adverse surgical events.
Materials and Methods
A protocol describing the analysis objectives, criteria for patient selection, data elements of interest, and statistical methods was submitted to the New England Institutional Review Board (NEIRB), and exemption was obtained.The study was funded by Ethicon Endo-Surgery Inc. (Cincinnati, Ohio, USA).
Data
Source. This study utilizes the Premier Hospital Database, which contains clinical and utilization information on patients receiving care in over 600 USA hospitals and ambulatory surgery centers across the nation. The database contains complete patient billing, hospital cost, and coding histories from more than 25 million inpatient discharges and 175 million hospital outpatient visits. Since VATS is a new technology, the analyzable dataset was restricted to procedures occurring in [2007] [2008] . Only data that were anonymized with regard to patient identifiers were used.
Patients and Procedures.
Eligible patients were those of any age undergoing VATS lobectomy or wedge resection for cancer. International Classification of Diseases, 9th Revision (ICD-9) diagnosis codes and procedure codes for identifying lobectomy and wedge resection procedures, cancer diagnoses, comorbid conditions, and all adverse events are listed in Tables 7-10 .
Volume Outcome Variable.
The volume measure typically used in previous research utilized subsequent volume to predict outcomes. For example, many studies defined Table 7 . * * ICD codes for lung cancer in Table 8. physician volume as the number of surgeries done over a specific time period and used that measure to predict outcomes of each surgery performed within that same time period [8, 9, 12, 14, 28] . As a result, experience not yet acquired was used to describe current performance, which could potentially overestimate the influence of volume on surgeon outcomes.
For each outcome-surgeon combination, our measure of volume represented the aggregate experience level of the surgeon. Volume-accumulated experience over running sixmonth windows involved recording surgeons' volume at a given date as the number of procedures accumulated during the prior six months. This measure is more precise than fixed calendar periods and was used extensively in the literature, as it responds instantaneously to any changes in the surgeon's recent experience profile. Experience accumulation with moving, rather than fixed, windows can be viewed as smoothing the calendar step function and alleviating the imprecision that increases for observations occurring toward the end of the observation period [29] .
Statistical Analyses.
Initial counts, percentages, means, and standard deviations for patient demographics, comorbid conditions, hospital characteristics, as well as safety utilization and cost outcomes were summarized separately for VATS lobectomy versus VATS wedge resection and separately for thoracic surgeons versus all surgeons using descriptive statistics. Type of surgeon (thoracic versus general) was identified via physician identification codes provided in the database. The safety outcomes of interest were pertinent adverse events occurring during or up to 30-60 days after surgery. A dichotomous variable was used indicating the existence of an adverse event as well as a continuous variable tallying the number of adverse events. Utilization outcomes were surgery duration (hours) and hospital length of stay (days). Cost outcomes were total hospital costs per patient, both fixed and variable. Since we only studied VATS procedures, we did not include costs for initial acquisition of the VATS equipment.
In addition, descriptive statistics for the volume explanatory variables are presented. The key explanatory variable was each surgeon's volume for lobectomy and wedge resection using VATS or open thoracotomy techniques. This measure of volume corresponded to the aggregate experience level of the surgeon over running six-month windows. Experience with open thoracotomy procedures may or may not contribute to performance with VATS, but it is certainly expected that experience specific to VATS will be the most relevant in explaining outcomes for patients treated with VATS.
Multivariable logistic regression analyses were estimated for the adverse event binary outcome: the presence or preoperative severity level), census region of hospital, rural versus urban hospitals, teaching versus nonteaching hospitals, and number of hospital beds. Using these explanatory variables, multivariable models were estimated to isolate the effects of a surgeon's VATS volume on adverse events, hospital costs, surgery time, and length of stay. Because the cost and utilization variables were right skewed, they were converted to natural logarithms to normalize their distributions, although the results were not sensitive to this transformation. Missing data or values of zero were not included in the OLS regression models. Weights provided in the Premier database were used to transform the results in a manner that permitted generalizability to the USA population. All analyses were performed using Stata Version 10 (StataCorp LP, College Station, Texas, USA).
Results
Of 7,137 patients in the database with elective, inpatient resections for lung cancer, a total of 2,698 patients underwent lobectomy (n = 716) or wedge resection (n = 1982) using VATS. More than 70% of these procedures were performed by thoracic surgeons (n = 1,896). A patient attrition diagram is shown in Figure 1 . Characteristics of eligible patients are summarized in Table 1 . There were slightly more females than males in all four samples, and most patients in all samples were over 60 years of age and covered by Medicare. Most patients were Caucasian, with primary (as opposed to metastatic) neoplasm of the lung and only minimal to moderate illness severity level, as measured by the APR-DRG severity index. As expected, the severity index for patients undergoing lobectomy was higher than for patients undergoing wedge resection. Patient characteristics within procedure (lobectomy versus wedge resection) were similar across the thoracic surgeons sample and the all surgeons sample.
The distribution of specific patient comorbidities is shown in Table 2 . The most frequent comorbidities reported were chronic obstructive pulmonary disease (COPD), diabetes mellitus, and heart disease. The distribution of these conditions is similar across all samples.
A total of 237 hospitals contributed data on VATS lobectomies and wedge resections. Patient-weighted hospital characteristics for the four samples are reported in Table 3 . Compared with patients undergoing VATS wedge resection, patients undergoing VATS lobectomy were more likely to receive the procedure in a teaching hospital (63% versus 57%) and in a hospital with over 600 beds (46% versus 38%). All samples exhibit similar demographic distributions.
Average hospital costs, surgery time, length of hospital stay, the likelihood, and number of adverse events, as well as the surgeons' volume measures for each sample were examined prior to multivariable modeling. The data suggest that, on average, VATS lobectomies cost hospitals more than VATS wedge resections ($19,697 versus $13,058) are associated with both longer surgery time (four hours versus 2.5 hours) and longer lengths of hospital stay (5.7 days versus 3.9 days). Furthermore, patients undergoing lobectomy had a higher likelihood of experiencing an adverse 8 Minimally Invasive Surgery event compared to patients undergoing wedge resection (0.57 versus 0.43) and had a higher number of adverse events on average (1.13 events versus 0.72 events). This study tracks 575 surgeons performing lobectomies or wedge resections using VATS (366 of whom were thoracic surgeons). Patients treated by thoracic surgeons using VATS lobectomy had lower inpatient costs and shorter length of stay compared with patients seen by general and other surgeons. While these effects were statistically significant at the 1% level, they were evidently small. No other statistically meaningful differences between thoracic and other surgeons were found for patients treated using VATS wedge resection or for other outcomes (i.e., length of surgery, likelihood of adverse event, and number of adverse events).
Surgeons' six months experience with VATS varies by sample ( Table 4 ). The most experienced surgeons, on average, are found in the sample of thoracic surgeons performing VATS lobectomies, 31.6 procedures. This average decreases to 22.3 procedures when considering all surgeons performing VATS wedge resections. Six months experience, for these surgeons, with open lobectomies and open wedge resection was lower, 5.4 procedures and 3.9 procedures, respectively, for the entire sample.
Multivariable Findings.
Given the possibility of confounders in these group comparisons of outcomes, we performed multivariable regression analyses, adjusting for a number of potential confounders, including patient demographics, metastatic versus primary cancer, comorbid conditions, APR-DRG severity index, and hospital characteristics. The results of these adjusted analyses of costs, surgery time, length of stay, likelihood of adverse event, and the number of adverse events are shown in Table 5 . For ease of interpretation, we report the estimated marginal effects for each one of the 40 models presented in Table 5 . The reported marginal effects measure the expected instantaneous change in each one of our five-outcome variables as a function of a change in surgeons' VATS volume, while keeping all the other covariates constant. Note that, for each outcome of interest, we compared the estimated marginal effects obtained from an unadjusted analysis with the estimated marginal effects from the multivariable analysis described above. (Note: only adjusted findings are reported in Table 5 ).
In the unadjusted analysis for the all surgeons lobectomy sample, doubling the average surgeon's volume was associated with a 10% reduction in inpatient cost ($2,029), a 5% reduction in surgery time (13 minutes), and a 15% reduction in length-of-stay (approximately one day). The effect of experience on the likelihood of an adverse event, while statistically significant, was small in magnitude. Increased surgeons' experience was associated with a reduction of one adverse event in one of every five patients. Even after adjusting for the variables detailed in Tables 1 through 3 , all the findings above persist.
The first and second columns of Table 5 reports the analysis for lobectomies for all surgeons and then surgeries performed exclusively by thoracic surgeons. For the most part, the volume-outcome relationship for thoracic surgeons is stronger. Doubling of the thoracic surgeons experience was associated with a 13% reduction in inpatient cost ($2,409) Table 5 repeat the analysis for patients undergoing VATS wedge resection. Here, for most outcomes and specifications, the volume-outcome relationship appears much weaker. Doubling of the surgeon's experience was associated with a 3% reduction in inpatient cost ($389), a 2% reduction in surgery time (3 minutes), and an 8% reduction in hospital length of stay (a third of a day). The results were similar when considering the most saturated model and when limiting the sample to procedures performed solely by thoracic surgeons. The only exception was the reduction in cost for the thoracic surgeon sample, which was 5% ($659). Table 6 reports results from models similar to those reported in Table 5 , and includes two additional variables: the surgeon's six-months experience with open lobectomies and the surgeon's six-months experience with open wedge resections. The two additional volume measures allow for assessing the contribution of competing sources of learning. For example, for the VATS lobectomy sample, one may argue that any experience with lobectomy (open or VATS) may be an important contributor for performance. This is tested directly in Table 6 . Overall we find the volume-outcome relationship for experience with VATS to be similar in sign, magnitude, and statistical significance to those described in Table 5 . Experience with open lobectomy did not have an effect on outcomes for patients treated with VATS lobectomy, with the exception of the number of adverse events, where greater experience with open lobectomy was associated with a small reduction in the number of adverse events for VATS lobectomy. Similarly, experience with open wedge resection was associated with a reduction in inpatient cost and length of stay beyond the reductions associated with greater experience with VATS.
Discussion
An important strength of the Premier database is that it provides very large numbers of patients, surgeons, and procedures on a nationwide scale. Obtaining this extremely large sample size from a practical setting allows researchers to better understand processes such as the relationship between surgeons' volume and outcomes. In turn, this analysis provides hospitals, patients, and surgeons with a quantifiable measure of the benefits of surgeons' volume on outcomes in lung surgery. The sample size and large number of elements in the Premier database allows for analyzing the effect of experience with VATS on inpatient costs, length of surgery, length of stay, as well as the likelihood and number of adverse surgical events.
In this retrospective analysis, we find evidence of volumeoutcome relationship. The relationship is stronger (1) for cost and utilization outcomes as opposed to adverse events, (2) for thoracic surgeons rather than other surgeons, and (3) for VATS lobectomy procedures more than for VATS wedge resection procedures. Finally, we find that while there was a reduction in cost and resource utilization associated with greater experience with VATS, these outcomes were not strongly linked with greater experience with open procedures. Thus, by and large, performance with VATS is associated primarily with experience with VATS.
The choice between VATS and open lobectomy has implications for the surgeon's learning profile, as the reduction in cost and resource utilization associated with greater experience with VATS were much larger than those associated with greater experience with open procedures. This finding reinforces the need for surgeons' specialization and centralization of delivery for VATS.
There were certain limitations of this study. This is a retrospective analysis from a transactional database (Premier) and not a prospective analysis where randomization and more detailed information about patients and procedures could be collected. For instance, it would have been of interest to examine the influence of additional patient characteristics, such as weight or BMI, and more procedurerelated details. Nevertheless, we include numerous controls in our analysis, particularly, controls for patient characteristics [30] and hospital characteristics [12] .
Another limitation, and a topic that can be the focus of future research, is the lack of information on surgeons' characteristics. In particular, data associated with surgeons' characteristics (e.g., years in practice, graduate of which medical school, completion of fellowship, etc.) would be of interest. This information may be important as surgeons do not randomly adopt VATS, and the results may therefore be biased if the most able surgeons are also the ones who adopt and utilize VATS extensively.
Conclusions
Our analysis of a large, nationally representative hospital database revealed three key findings: (1) there is a reduction in cost and resource utilization associated with greater experience with VATS, especially for VATS lobectomy for lung cancer; (2) 
